Airborne measurement of the horizontal pressure field using differential GPS technology has been established during the last few years. Accurate aircraft measurement of the horizontal pressure gradient force requires an independent determination of the height of the airborne platform above some reference level. 
Introduction
The horizontal pressure gradient force (PGF) is the fundamental driving term in the horizontal equations of motion. Knowledge of the horizontal pressure field is a prerequisite for any study of atmospheric dynamics, allowing winds to be sorted in terms of geostrophic and ageostrophic components. In situ measurement of the PGF using instrumentation on board research aircraft is particularly challenging since an independent measure of aircraft height above some reference level is necessary. Until recently, this has implied that both the terrain height of the underlying surface over which the plane passes and the exact geographic position must be known with a high degree of precision. The height above ground can be measured using a radar altimeter. In particular, precise and high-resolution radar altimeters (such as the Stewart-Warner Model APN-159) have been used to enable height measurements above ground level with an accuracy of 0.5 m (see Brown et al. 1981; Kennedy 1981, 1982; Parish et al.1988; Rodi and Parish 1988; LeMone et al. 1988a,b; Parish 2000) . Onboard navigation provides a measurement of horizontal position that, using digital terrain datasets, allows the height of the underlying terrain to be determined. By adding the radar altitude of the aircraft to the terrain height, an absolute measure of the height of the isobaric surface is obtained.
As noted in Parish et al. (2007) , use of altimetry over irregular terrain requires high-resolution maps of the terrain elevation, and aircraft geolocation. Even when analysis tools include a finescale digital elevation map and GPS data on board research aircraft to refine horizontal positioning, the resulting estimate of the height of the aircraft above a reference level is subject to considerable error on account mainly of radar beamwidth, vegetation, and aircraft attitude variations. The final signal is the sum of two large terms whose spatial trends are opposed to one another and is inherently noisy, with an uncertainty of about 30 m or 3 hPa. Parish et al. (2007) note that altimetry is insufficient to permit assessment of atmospheric dynamics when applied over complex terrain.
Recently, differential GPS (dGPS) has been used to allow an accurate and independent measurement of aircraft height above sea level and hence the geopotential height of an isobaric surface (e.g., Parish et al. 2007; Parish and Leon 2013) . For airborne measurements of the PGF, flight legs are typically conducted using the autopilot and thus the flight path is along a quasi-constant pressure surface. The University of Wyoming King Air research aircraft (UWKA) carries two GPS receivers, an Ashtech Z-Sensor and a Trimble NetRS, both of which track and record the carrier phase on two frequencies (labeled L1 and L2) in addition to the coarse acquisition (C/A) code broadcast on L1. Postprocessing software utilizing the carrier phase on L1 and L2 provides a position solution with higher spatial resolution than can be obtained from the L1 C/A code alone. The dGPS solution offers a means to refine position estimates for the GPS receivers on board the UWKA by using GPS data from one or more fixed reference stations at precisely determined locations. It is estimated that the refined dGPS height estimates of the UWKA are on the order of decimeters (e.g., Parish and Leon 2013) .
UWKA flight legs invariably show minor departures from isobaric surfaces owing to effects such as turbulence. Such deviations can be accurately accounted for by use of the hydrostatic equation. Standard instrumentation on the UWKA include a pair of redundant Rosemount 1501 HADS pressure sensors to allow precise static pressure measurements (e.g., Rodi and Leon 2012) . Ambient temperature is measured by a Rosemount reverse-flow temperature sensor and specific humidity by a Cambridge Model 137 C3 chilled mirror. This permits determination of the virtual temperature. An integrated form of the hydrostatic equation can thus be expressed as
where R is the gas constant for dry air, T V is the mean virtual temperature between the instantaneous flight level pressure and mean isobaric pressure level, g is the acceleration due to gravity, p is the instantaneous static pressure measurement, and p is the mean isobaric leg pressure. The resulting isobaric height is simply the sum of the dGPS height and the typically small hydrostatic corrected height: H 5 z dGPS 1 dz. Calculations of the PGF can employ either the isobaric height or, equivalently, pressure along a constant height surface. For applications to follow, height of an isobaric surface is used. Details of the dGPS technique, sources of error, and limitations to the measurement accuracy are given in Parish et al. (2007) or Parish and Leon (2013) . The purpose of this paper is to demonstrate the ability of an airborne platform to map the finescale isobaric height field above complex terrain using dGPS technology to refine the vertical position of the aircraft, and to validate the observed mountain-induced wave structure by means of a simple numerical simulation. Flight legs conducted by the UWKA conducted over the Medicine Bow Range in winter of 2008 and 2009 are used since flight level was maintained on an isobaric surface and the sampling pattern was repeated over a section of mountainous terrain. This allows for one of the first attempts to spatially map the finescale terraininduced geopotential height variations from an airborne platform.
Mesoscale surface pressure patterns induced by wind impinging on relatively isolated terrain, and associated flow patterns, have been documented before (e.g., Reed 1980; Ferber and Mass 1990; Chen and Li 1995) . At the same time, aircraft measurements have amply documented the patterns aloft of mesoscale gravity waves generated by stratified flow over mountains (e.g., Lilly et al. 1982; Smith 1976; Smith et al. 2008) . These gravity waves are generally described in terms of vertical velocity and potential temperature (i.e., the most readily available aircraft measurements). Undular pressure (or height) perturbations, which are commonly illustrated in modeling studies, have hardly been instrumentally documented.
The ambient conditions and airborne measurements are presented in section 2. Results from high-resolution numerical simulations are provided in section 3. Conclusions are given in section 4. (Breed et al. 2008) . The Medicine Bow Range, Sierra Madre Range, and Wind River Range (Fig. 1) were target areas for the cloud seeding. Goals of the program are to establish a randomized cloud seeding experiment and to evaluate the effectiveness of seeding in enhancing winter snowpack. UWKA flights were conducted on days in which the mean wind direction was between 2708 and 3308, such that the three AgI generators were situation roughly normal to the mean wind and upwind of the mountainous terrain. UWKA flight legs were arranged relative to this line in an isobaric [fixed flight level of 14 kft (;4267 m), or ;590 hPa], parallel-track sampling pattern ( Fig. 1 ) to detect evidence of seeding. This flight level is about 600 m above Medicine Bow Peak. Each set of legs consisted of five segments (Fig. 1b) of about 45 km in length that are oriented along an axis trending northeast (NE)/southwest (SW), each segment separated by a distance of 4.3 km. Tracks followed nearly identical patterns for each case and originated slightly downwind of the main crest of the Medicine Bow Mountains, passing over Medicine Bow Peak, the highest point in this range, and extending 13 km upwind. The full ''ladder'' pattern required about 45 min to complete.
Here results from the UWKA flights over the Medi- infer an isobaric height field from which the horizontal pressure field can be determined. Nearly identical pressure maps thus obtained during a period of insignificant wind changes add confidence in the reliability of the method and in the attribution of the observed structure to the underlying terrain. A base GPS station was maintained at the airport in Laramie, Wyoming (located just east of the Medicine Bow Range). Its 1-Hz data were used for the differential GPS corrections.
The instruments on board the UWKA used in this study, in addition to the GPS receiver, include standard probes to measure state variables, a gust probe, and a profiling millimeter-wave Doppler radar, the Wyoming Cloud Radar (WCR; Wang et al. 2012) . Along straight and level flights sections, such as those shown in Fig. 1b , the WCR provides a continuous vertical profile of reflectivity and (hydrometeor) vertical velocity. A third WCR antenna points 308 forward of nadir. The synthesis of radial velocities from this and the nadir antennas can be used to obtain the horizontal (along track) and vertical velocities (Damiani and Haimov 2006) . In this paper the along-track component is shown. While the dual-Doppler vertical component includes the hydrometeor fall speed, the horizontal component represents the air motion.
b. Stability and wind profiles
Radiosondes were released near the middle of both flights (about 2 h after take-off) from Saratoga, Wyoming, located on the upwind side of the Medicine Bow Range. The profiles of u, u e , and wind are shown in Fig. 2 . The low-to midtropospheric flow was northwesterly on both days. The lower troposphere was stably stratified for dry processes, and weakly stratified for moist ascent. We computed the average Brunt-V€ ais€ al€ a frequency N between ground level and the elevation of Medicine Bow Peak for both soundings. The Brunt-V€ ais€ al€ a frequency N is the dry (moist) value below (above) the cloud base, defined as the lifting condensation level (LCL). upwind of the mountain) and the mountain-top height. On both days Fr was slightly larger than one (1.3 and 1.1, respectively). This implies that the lower-tropospheric layers are likely to be advected over the mountain obstacle, although not without resistance. The width of the Medicine Bow Range implies that under the wind and stability conditions observed on either day, gravity waves should be vertically propagating to the 600-hPa level and above (Uk N, with k the mountain wavenumber). The ratio of the crosswind to the along-wind mountain width was about 1.5 on these two days (Fig. 1b) . This ratio and the Froude number estimates suggest that flow stagnation could occur aloft, leading to wave breaking (Smith 1989) , although there is no evidence of this on the two cases examined here. Mountain-scale gravity waves were evident in WCR along-wind [from northwest (NW) to southeast (SE)] transects during both flights. An example of such transect, for the second case (20 February 2009), can be found in Geerts and Miao (2010) ; the vertical velocity field in their Fig. 2 suggests a horizontal wavelength of ;35 km. If Fr had been well below one (Fr 1.0), then the low-level flow would have been detoured around the mountain, possibly producing lee vortices, and the flight-level flow would likely be less disturbed by the mountain. Some channeling of the flow is evident in the slightly more stable second case, with nearly northerly low-level flow through the valley west of the Medicine Bow Range (Fig. 2b ).
c. Synoptic conditions
Analyses from the National Centers for Environmental Prediction (NCEP) 12-km horizontal resolution North American Mesoscale Model (NAM) for 11 February 2008 and 20 February 2009 showed that northwest flow at 600 hPa was present at the time of the flight on both days (Fig. 3) with speeds between 15 and 20 m s 21 over the mountains of southern Wyoming. The 12-km NAM 600-hPa height field only shows limited influence of the elevated terrain, in part because of the relatively course horizontal resolution. Both cases are postfrontal, near the maximum cold anomaly in a wave cyclone, well behind the region of 600-hPa warm-air advection. In Table 1 in Geerts et al. (2011) ], but they were lowering during the 4-h flights (Fig. 4 in Geerts et al. 2010 ).
d. Mapping isobaric height: Case 1
A longstanding issue when interpreting isobaric heights as measured from an airborne platform is the time-space transformation. Parish et al. (1988) recognized that it is imperative to correct for local height change during the time of flight to capture an accurate representation of the height or pressure field. For example, suppose the wind to be near geostrophic from 3158 and heights were falling by 10 m h 21 (roughly corresponding to a 1 hPa h 21 pressure fall). In the cases examined here, primary flight legs are oriented nearly orthogonal to the mean wind and thus an isobaric leg conducted from SW to NE would experience lower heights to the northeast. Given the height falls, an isobaric slope would be exaggerated for a SW-to-NE leg. At typical UWKA speeds, a leg of 45 km requires about 8 min and thus mean heights over the entire domain would drop by about 1.4 m over the course of the leg. For a 10 m s 21 geostrophic wind, airborne measurements not corrected for the height falls would overestimate the geostrophic wind by 3.2 m s
21
. Similarly, an isobaric leg directed from NE to SW would experience higher heights to the SW. The local height falls would thus compensate for the isobaric slope and the net effect would be a geostrophic wind underestimate by 30%.
Reciprocal (back and forth) legs would thus yield a repeating pattern of errors in the geostrophic wind estimates in presence of persistent mean height changes in which one heading leads to an overestimate and the return heading an underestimate of actual magnitudes. Corrections need to be applied for such mean height/ pressure changes to estimate an accurate horizontal pressure gradient force. a constant height surface. While basic features of the height pattern are similar for each ladder pattern shown, some differences exist from pattern to pattern that imply some transience to the height field for this time period.
Interpretation of such an isobaric height field is that the elevated terrain results in development of a leeside trough near and downstream from Medicine Bow peak that perturbs the ambient height field as shown in Fig. 3 . To a first approximation the height field can be thought of as the sum of the large-scale mean gradient (called the geostrophic component) and a residual (''ageostrophic'') component that is primarily the result of topographic modulation. Removal of the mean height and the height gradient associated with an estimate of the larger-scale geostrophic wind may provide a depiction of the terraininduced forcing of the height field. For this analysis, determination of the geostrophic wind is necessary but not without challenges. It is thought that the sampling area of the ladder pattern is marginal to define the larger-scale forcing since the actual height field itself is significantly modified by topography as illustrated in Fig. 4 . Analyses from the 12-km NAM suggest modest variations in the geostrophic wind magnitude within the regional area. Shown here are analyses conducted assuming that the mean wind is 20 m s 21 from 3158, which is representative of the observed winds and model analyses. It is assumed that to a first-order approximation the pressure field consists of some mean geostrophic state and an ageostrophic component, p 5 p g 1 p a , where p refers to pressure, p g refers to pressure induced by the geostrophic component, and p a refers to pressure from the ageostrophic component that is assumed to be primarily due to the terrain. Further, if it is assumed that the mean wind from above is representative of the geostrophic state, then k 3 $p g [ rf V mean , where the term V mean is the mean wind vector as defined above and other symbols have their standard meteorological meaning. It follows then that the acceleration is in response to the ageostrophic pressure field: Figure 5 illustrates the height field after the mean and slope associated with the geostrophic wind have been removed. This height field is an estimate of the topographically induced perturbation. Although this ageostrophic height field no doubt shows transient features, a similar pattern is apparent in each case with heights that generally decrease from NW to SE across the crest of the mountain range. Although some uncertainty exists regarding the mean geostrophic wind, the inferred ageostrophic height pattern has a significant amplitude and thus is not very sensitive to the choice of geostrophic wind. A wake low is located (or suggested) over or just downwind of Medicine Bow Peak along legs 4 and/or 5, and a weak closed high is present just upwind of the mountain. The persistence of this basic pattern serves as evidence for the mountain's influence on the flow aloft. This basic pattern is consistent with analytical representations and numerical simulations of stratified flow over an isolated mountain (e.g., Smith 1980; Smolarkiewicz and Rotunno 1989) . The magnitude of the height perturbation is largest for the second pattern and is equivalent to about a 60.3-hPa pressure perturbation on a horizontal surface near the 595-hPa level.
The ageostrophic pressure gradient shown in Fig. 5 implies a downgradient flow acceleration from NW to SE over the crest of the Medicine Bow Mountains. Indeed, significant cross-contour flow exists with wind directions throughout the domain (not shown) remaining FIG. 5 . As in Fig. 4 , but that mean height and mean geostrophic pressure gradient have been removed, to isolate terrain influence. Height increment of 1 m.
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within 108 of the mean 3108 direction, suggesting accelerations in the vicinity of the elevated terrain. Wind speeds as measured by the UWKA (Fig. 6 ) display significant unsteadiness although strongest winds were found on the lee side of the barrier in each case. Given the unsteady nature of the wind, it is not possible to assess a simple relationship between the wind field and the height field. Previous work such as Smith et al. (2008) and Parish and Oolman (2012) case. Not surprisingly, winds as measured by the UWKA platform were roughly 5 m s 21 stronger than seen on 11
February 2008 with a mean direction from about 2958. Wind speed decreases throughout the flight and the heights depicted in Fig. 7c suggest a relaxing of the gradient. As in the previous case, wind vectors are directed with a significant cross-contour component, consistent with acceleration associated with the height anomalies. An estimate of the terrain-induced ageostrophic height field (Fig. 8) was obtained as before. Results are similar to that observed in the 11 February 2008 case with lower heights revealed above and downwind from Medicine Bow Peak. In both cases a low is present above the peak (on leg 4) in at least one of the ladder passes, and the strongest height gradient is on the upwind side, between legs 3 and 4. This is consistent with an upwind tilting hydrostatic gravity wave (e.g., Durran 1990 ). The terrain-induced height anomalies for the first two patterns (Figs. 8a,b ) are in excess of 14 m, corresponding to about 1.1 hPa, nearly twice as large as the first case.
Wind speeds for the three sampling periods (Fig. 9 ) indicate correspondingly larger leeside acceleration, about twice as large as the first case for the first two passes. Upwind of the Medicine Bow Peak wind speeds for the first pattern (Fig. 7a) 
(section 2a) is used to estimate the cross-mountain wind field along these legs. This field is gridded in a geolocated grid, for the two transects; then the scalar wind is averaged (Fig. 10) . The geolocation of the two transects was not exactly the same, hence, the differences in the terrain profiles (Fig. 10) . Clearly only the wind component in the plane of the transect can be captured. The angle between the flight-level mean wind direction and the flight orientation was small in both cases (Fig. 10) , but a more significant cross-track component may have been present below flight level (Fig. 2) . The transects are 40-45 km long and thus capture most of the mountain range, whereas the ladder pattern is only 17 km wide (Fig. 2) . The cross-mountain wind pattern confirms the stronger wind, and the more significant cross-mountain acceleration, in the second case (20 February 2009; Fig. 10b ). The acceleration below flight level is as large as 8 m s 21 over a distance of 40 km in that case. No acceleration is evident at all below flight level in the first case. Also, neither case shows a developing downslope windstorm near the surface, as has been documented on some other flights over this mountain (French et al. 2008) .
WRF simulations of the 11 February 2008 and 20 February 2009 cases
Differential GPS measurements based on observations collected by the UWKA show that the Medicine Bow Mountains perturb the ambient pressure field in response to moderate winds pushing stably stratified flow against the elevated terrain. The spatial patterns suggest that low-amplitude waves result with a pressure minimum in the lee of the mountains. Such airborne measurements permit the two-dimensional height field to be computed, yet little independent evidence of the existence of such height fields is available. Operational models, even at a resolution of 12 km, are too coarse to resolve such height perturbations. As a means of examining the effect of the local topography on the horizontal pressure fields, numerical simulations have been conducted using the Advanced Research Weather Research and Forecasting Model (WRF) version 3.3 for the 11 February 2008 and 20 February 2009 cases. A complete description of WRF is given in Skamarock et al. (2008) . For this case a model domain was used that consisted of three nested grids with 18-, 6-, and 2-km grid spacing centered over the Medicine Bow Peak. Vertical resolution consists of 30 sigma levels with increasing resolution toward the surface. The parameters used for the run are the following: WRF single-moment 3-class (WSM3) ice microphysics scheme, Rapid Radiative Transfer Model (RRTM) longwave radiation scheme, Dudia shortwave radiation scheme, fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5) surface layer similarity with the Pleim-Xiu land surface model, and the Yonsei University boundary layer physics scheme and the Kain-Fritsch cumulus parameterization scheme in the outer domain and none for the inner two domains. Although no detailed sensitivity testing was conducted, it is thought that selection of individual parameterizations is not critical for this simulation of the height field. The model was initialized at 0000 UTC 11 February 2008 and 20 February 2009 using the operational NCEP 212 NAM grids (40-km horizontal resolution). Each simulation was run for 24 h with the purpose of examining height field adjacent to the Medicine Bow Range that can be compared with the UWKA measurements and dGPS isobaric height fields. Comparisons with UWKA observations presented here will focus on the 2-km WRF inner domain near the time periods closest to the UWKA flight times.
Heights at 600 hPa from the innermost domain of the WRF simulation for times coincident with the UWKA flight on 11 February 2008 are shown in Fig. 11 . Largescale gradients of the 600-hPa heights support northwest flow throughout the period similar to that shown in Fig. 4 , yet significant modulation of the 600-hPa height field is obvious in each panel with height minima found in the lee of the Medicine Bow Peak, and ridging on the windward side. Amplitudes of the height perturbations in the lee as simulated by WRF for the 11 February 2008 case are approximately 10 m. Note that the orientation of the height contours over the windward side of Medicine Bow Peak becomes nearly orthogonal to that of the large-scale height pattern and similar to what was observed by the UWKA (Fig. 4) . The influence of the elevated terrain on the height field in the WRF simulation is persistent. Heights over the entire domain rise by about 6 m from 2000 to 2300 UTC for the 11 February 2008 case, yet the pattern of the height contours in the lee of Medicine Bow Peak remains similar.
Wind speeds as simulated by WRF for the 11 February 2008 case display sensitivity to the topographic modulation of the height field. Figure 12 illustrates the 595-hPa wind speeds and wind directions associated with the horizontal pressure field. Although the winds Figure 13 illustrates the 592-hPa height field from the innermost domain of the WRF simulation for times bracketing the UWKA mission on 20 February 2009. Isobaric height gradients as simulated by WRF are larger than seen in the previous case, yet the 600-hPa surface is again altered in response to the elevated terrain of the Medicine Bow Mountains. The larger magnitude of the trough-ridge anomaly across the mountain on this day, compared to the 11 February 2008 case, is consistent with the slightly higher low-level stability on this day (section 2). As before, orientation of the height contours is modified such that higher heights are simulated on the windward side of Medicine Bow Peak and a leeside trough to the east. Height contours adjacent to the elevated terrain as simulated by the WRF run roughly along a north-south axis just north of the Medicine Bow Peak. For this case the height perturbations induced by the elevated terrain are about 15 m from 2000 to 2100 UTC and relax slightly by 2300 UTC. The orientation of the height contours and modification of the intensity of the height gradient in time as modeled by WRF agree well with observations from the UWKA (Fig. 7) for that period.
WRF simulations of wind speed for the 20 February case (Fig. 14) again indicate unsteady conditions. Maximum winds are simulated in the lee of the Medicine Bow Mountains. Wind speeds are greater than those simulated in case 1 by about 5 m s 21 , which is consistent with the stronger height gradients. UWKA observations during the period (Fig. 9) show more pronounced wind speed changes across the mountainous terrain than are present in the WRF simulations. This may be the result of the 2-km resolution of the model terrain that may not be as steep as the actual terrain, yet appears to be an adequate model resolution to capture the essential structure of orographic gravity waves induced by a mountain ;30 km in diameter.
Summary
Flight patterns conducted by the UWKA over a relatively isolated mountain range enable detailed mapping of the orographically forced horizontal pressure variations. Differential processing of raw data collected by an airborne GPS platform with GPS data from a fixed base station provides a means by which the vertical position of the aircraft can be detected to within O(10 21 ) m.
Combined with accurate measurement of static pressure and temperature, isobaric heights can be evaluated and thus the horizontal pressure gradient can be detected. Height tendencies can impact the spatial height patterns thus obtained, because of noninstantaneous measurements, but the height trend can be measured, and thus its impact on spatial patterns removed. Large-scale pressure variations associated with the mean wind can be removed to isolate the local topographic forcing. Such measurements can be used to understand atmospheric dynamics acting to influence wind patterns associated with elevated terrain, and to validate high-resolution numerical simulations. Case studies were conducted on two days with a similar wind profile, rather low static stability and a bulk Froude number slightly larger than unity. Data collected on these days, 11 February 2008 and 20 February 2009, show significant modification of the isobaric height field adjacent to the Medicine Bow Mountains with leeside troughing, and less pronounced windward ridging. The perturbation height field reveals patterns consistent with the theory of stratified flow over an isolated mountain. Comparison of airborne measurements with the WRF results show striking similarities in terrain-induced modulation of the height field. The spatial pattern and magnitude of the height perturbations are repeatable and comparable with numerical simulations, leaving no doubt as to the ability of accurately located aircraft to map the finescale horizontal pressure field. The observations and simulations consistently demonstrated a slight difference between the two cases: the case with slightly higher stability yielded a stronger impact of the mountain on the 600-hPa flow, including a stronger height gradient and flow acceleration across the mountain.
